AD 


UNCLASSIFIED 

43480 9 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


UNCLASSIFIED 


NOTICE:  When  government  or  other  drivings,  sped* 
flcatlons  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Government  thereby  Incurs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  In  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  Is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  In  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  Invention  that  may  In  any  way  be  related 
thereto. 


I 

I 

I 

I 

I 

I 


1 


RESEARCH  IN  ELECTRON  EMISSION  FROM  SEMICONDUCTORS 

Report  No.  19  Contract  DA36 -039  AMC -02221(E)  3rd  Quarterly  Report 

(Continuation  of  Contracts  DA36-039  SC-87388  and  DA36-039  SC-78155) 

Department  o£  the  Army  Subtask  No. :  1G6 -22001  -A -055 -01 -07 

Period  Covered: -  1  November  1963  to  31  January  1964 

Objective:  Research  leading  to  a  better  theoretical  understanding  of 
thermionic  and  hot  electron  emission  and  to  new  materials 
with  useful  electron  emission  characteristics. 

Report  prepared!  by: 


R.  E.  Simon,  Project  Engineer 


Report  approved  by: 


//y.  A.  Morton,  Director 

^Conversion  Devices  Laboratory 


RADIO  CORPORATION  OF  AMERICA 
Electronic  Components  and  Devices 
Conversion  Devices  Laboratory 
RCA  Laboratories 
Princeton,  N.  J. 


February  11,  1964 


li 


TABLE  OF  CONTENTS 

page 

PURPOSE . - . - . - . - .  1 

ABSTRACT . - . - . . . .  1 

CONFERENCES  ------ . - . - . - .  2 

FACTUAL  DATA  . . . —  — .  3 

I.  Hot  Electron  Emission - - -  3 

A.  Introduction  -------, - i — ....... — _  3 

B.  Injecting  Contact  Fabrication  - — ---- — - — * — ----  3 

C.  Surface  Treatment  for  Cleaning  Si  - - - - - -  5 

D.  Light  Emission  from  Hot  Electron  Emitters  — - -  10 

II.  Negative  Electron  Affinity  Material  - -  16 

A.  Introduction  -------------- — - - - - — -  16 

B.  Experimental  Measurements  - -  16 

C.  Interpretation  of  Results  - - - ■ - -  26 

III.  Conclusions  - - -  34 

PROGRAM  FOR  NEXT  QUARTER . - .  35 

Man-hours  expended - - - - - - -  36 


ill. 


FIGURE  CAPTIONS 

Figure  No.  page 

1  New  mount  and  contact  configuration  - - —  4 

2  First ' experimental  arrangement  for  directing  HF 

molecules  at  a  silicon  surface  in  vacuum  -  7 

3  Second  experimental  arrangement  for  directing  HF 

molecules  at  a  silicon  surface  in  vacuum  - -  9 

I 

4  Experimental  arrangement  for  measuring  light  emission 

spectral  response  — - - - - —  12 

5  Emission  spectra,  uncorrected  and  corrected,  -  for  photo¬ 
multiplier  response  -  —  - * — ---- — r-- - - — ----  13 

6  Comparison  of  our  spectra  with  published  results  - - —  14 

7  Schematic  diagram  of  the  GaP  experimental  tube  for 

measurements  of  reflectivity  and  photoemission  -  17 

8  Reflectivity  of  GaP  . - .  19 

9  Photograph  showing  grain  structure  of  GaP-2  — -  20 

10  Measurements  of  photoemission  of  GaP-2  produced  by  a 

point  of  light  as  a  function  of  position  on  four  lines 
along  the  crystal.  Inset  shows  correlation  between 
photoemission  and  crystalline  structure  -  21 

11  Semilogarithmic  plot  of  spectral  response  of  photo - 

emission  from  GaP-1  and  GaP-2  after  cesium  treatment  -  23 

12  Linear  plot  of  spectral  response  of  photoemission  from 

GaP -1  and  GaP-2  after  cesium  treatment  -  24 

13  Schematic  diagram  of  circuit  for  measurement  of  the 

energy  distribution  of  photoemitted  electrons  -  25 

14  Measurements  of  the  kinetic  energy  distribution  of 

photoemitted  electrons  of  different  photon  energies  -  27 

15  Band  structure  model  of  GaP  as  proposed  by  J.  C.  Phillips, 

Phys.  Rev.  133A.  452(1964)  . - . .  28 

16  Optical  absorption  constant  calculated  from  dielectric  * 
constant  data  of  H.R.  Philipp  and  H.  Ehrenreich,  Phys.  . 

Rev.  129,  1550(1963)  — . . . . —  30 

17  Schematic  diagram  of  band  bending  in  degenerate  GaP  -----  31 


1 


PURPOSE 

Electron  emission  Is  to  be  studied  with  emphasis  on  the  following 

aspects: 

(1)  Basic  Investigation  of  hot  electron  emission,  with 
the  voltage  applied  across  a  semiconductor  p-n 
junction  varying  over  a  wide  range. 

(2)  Production  of  low  electron  affinity  surfaces  by 
suitable  activation  processes  with  alkali  metals. 

(3)  Development  and  study  of  large  area  p-n  junction  hot 
electron  emitters  with  injecting  contacts. 

(4)  Investigation  of  negative  electron  affinity  materials 
for  electron  emission. 

ABSTRACT 

Experiments  directed  toward  producing  a  clean  surface  on  silicon  by 
means  of  vacuum  etching  using  HF  molecules  directed  at  silicon  with  oxide 
surfaces  are  reported.  Results  indicate  that  this  treatment,  along  with 
moderate  heat  treatment,  can  produce  increased  hot  electron  emission. 

A  new  method  of  mounting  silicon  hot  electron  emitters  is  described 
tfiich  is  designed  to  minimize  breakage  of  these  fragile  devices.  Preliminary 
measurements  of  spectral  distribution  of  light  emitted  from  reverse  biased 
silicon  p-n  junctions  are  reported. 

Evidence  for  a  negative  electron  affinity  in  GaP  based  on  measurements 
of  the  spectral  response  of  photoemission  and  the  kinetic  energy  distribution 
of  photoemitted  electrons  from  heavily  izinc  doped  GaP  treated  with  cesium  is 
reported. 


CONFERENCES 


During  the  last  quarter,  the  following  conference  took,  place 
for  the  purpose  of  discussing  work  in  progress  under  the  contract: 

Place:  RCA  Laboratories,  Princeton,  N.J. 

Date:  November  27,  1963 

Attendance:  Signal  Corps  -  Dr.  D.  Dobischek  and  Mr.  L.  Kaplan 
RCA  -  Messrs.  Morton,  Simon,  Gatchell  and  Fuse iier 
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FACTUAL  DATA 

I.  Hot  Electron  Emission 
A.  Introduction 

Two  principal  problems  which  continue  to  limit  our  ability  to  measure 
hot  electron  emission  from  silicon  with  a  reverse  biased  vacuum  emitter  junction 
and  an  injecting  contact  were  attacked  during  this  quarter.  A  solution  to  the 
problem  of  mounting  these  devices  so  that  they  can  be  handled  without  breakage 
was  sought.  Attempts  to  solve  the  problem  of  cleaning  the  surface  of  electron 
emitters  prior  to  cesium  treatment  were  made  using  an  HF  vacuum  etching  techni¬ 
que. 

In  addition,  measurements  on  the  spectral  response  of  light  emission 
from  reverse  biased  p-n  junctions  have  been  .continued  in  order  to  obtain 
information  on  the  energy  distribution  of  the  hot  electrons  in  silicon. 

B.  Injecting  Contact  Fabrication 

There  has  always  been  difficulty  in  holding  and  mounting  the  injecting 
contact  devices.  In  fact,  more  than  half  our  devices  have  been  lost  due  to 
breakage  in  mounting.  One  of  the  major  efforts  during  the  past  quarter  was  to 
solve  the  mounting  problem. 

The  device,  mounted  as  shown  in  Fig.  1,  is  fastened  rigidly  enough 
for  any  handling.  Firstly,  an  Si02  layer  is  deposited  on  the  emitter  Side  by 
thermally  decomposing  orthoethylsilicate.  The  oxide  is  deposited  after  the 
appropriate  number  of  boiling  water -HF  treatments  which  reduce  the  thickness 
of  the  emitter.  The  device  is  then  alloyed,  using  a  Ap-Si  preform,  to  a  p-type 
silicon  disk  which  is  0.75"  in  diameter,  0.075"  thick,  and  has  a  0.266"  hole 
in  the  center.  Hence,  the  thin,  fragile  silicon  wafer  on  which  the  device  is 
constructed  is  fastened  to  a  rigid  silicon  disk  which  can  be  conveniently 
handled. 


FIG 
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This  disk  becomes  the  electrical  contact  to  the  base  or  p -region 
of  the  device.  To  make  the  contact  to  the  emitter  and  Injecting  regions, 

Si-Au  eutectic  preforms  are  alloyed  at  the  eutectic  temperature.  Si-Au 
eutectic  preforms  are  used  to  prevent  alloying  through  the  contact  regions 
which  are  slightly  more  than  2  microns  deep.  Lastly,  Au  Is  evaporated  over 
the  entire  emitter  side  of  the  device.  The  emitter  window  Is  exposed  by 
removing  the  gold  using  aqua  regia.  The  gold  is  also  removed  around  the  edges 
to  prevent  shorting  to  the  p -region.  In  this  way,  the  gold  covering  the  fronjt 
(emitter)  surface  serves  the  dual  purpose  of  providing  an  equipotential  sur¬ 
face,  which  is  desirable  for  velocity  distribution  measurements,  and  allows 
one  to  make  electrical  contact  where  the  wafer  is  well  supported.  Note  that 
the  gold  film  ip  insulated  from  the  p -region  by  the  S102  layer.  This  kind  of 
construction  is  identical  to  that  used  in  the  fabrication  of  planar  transistors. 
Contact  to  the  injection  region  is  easily  made  by  either  inserting  a  gold  wire 
into  the  eutectic  melt  or  by  resting  a  probe  against  the  eutectic. 

C.  Surface  Treatment  for  Cleaning  Si 

In  order  to  optimize  hot  electron,  emission  from  silicon,  a  dean 
surface  is  highly  desirable  for  two  reasons.  First,  any  oxide  layer  presents 
unneeded  material  which  the  hot  electrons  must  penetrate.  Second,  and  more 
important,  previous  measurements  have  shown  that  the  electron  affinity  for  Cs 
on  clean  silicon  is  about  1.5  ev  while  the  electron  affinity  for  Cs  on  silicon 
with  an  oxide  layer  may  be  as  high  as  2.3  ev.  Furthermore,  previous  experiments 
have  shown  that  the  first  cesium  monolayer  appears  to  be  tightly  bound  to 
clean  silicon  while  it  is  not  tightly  bound  to  oxidized  silicon.  Since  low 
electron  affinity  and  stability  are  primary  requirements  for  a  hot  electron 
emitter,  it  was  decided  to  concentrate  more  effort  on  the  surface  problem. 
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The  conventional  methods  of  obtaining  a  clean  silicon  surface  in  a 

vacuum  are  heat  treatment  and  argon  bombardment.  Both  of  these  methods  degrade 

the  thin  junction  and  are  therefore  of  no  use  in  conjunction  with  a  hot  electron 

emitter.  A  third  method  is  chemical  cleaning.  Moll  and  his  coworkers  reported 

an  increase  in  hot  electron  emission  using  a  heated  source  of  NH^HF  to  produce 

HF  in  vacuum  to  clean  silicon.^  Our  experience  has  been  that  this  treatment 

left  a  white  deposit  on  the  crystal.  It  was  believed  that  the  introduction  of 

pure  HF  gas  in  the  system  would  be  a  cleaner  procedure  to  use. 

The  first  experiment  was  tried  with  HF  gas  on  a  heavily  oxidized 

crystal.  The  thickness  of  the  oxide  was  such  that  a  red  interference  fringe 

could  clearly  be  seen.  A  change  in  interference  color  would  then  indicate 

that  the  oxide  was  being  removed.  The  HF  was  contained  in  a  3-inch  section 

of  copper  tubing  valved  at  either  end  with  monel  valves  utilizing  teflon  gaskets. 

The  experimental  arrangement  is  shown  in  Fig.  2.  The  system  was  pumped  and 
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baked,  and  a  pressure  of  6x10  Torr  was  achieved.  Valve  A  was  opened  with 

Valve  B  shut,  then  valve  A  shut  and  valve  B  opened  admitting  a  burst  of  HF  gas 

directed  at  the  crystal.  No  effect  was  observed  with  four  successive  bursts  of 

HF  gas.  The  crystal  was  then  heated  by  passing  a  current  through  it  which  was 

increased  with  successive  bursts.  At  a  temperature  of  about  750°C,  no  change 

in  interference  color  had  been  seen.  The  tube  was  then  sealed  off  and  allowed 

to  stand  overnight  with  HF  in  the  system.  The  next  morning,  there  were  changes 

in  the  oxide  coating  interference  color  indicating  that  some  of  the  oxide  had 

been  etched,  Water  vapor  is  liberated  during  the  sealing -off  operation  so 

that  this  is  consistent  with  the  hypothesis,  verified  laterin  a  chemistry 
2 

reference,  that  anhydrous  HF  does  not  etch  SiO^. 

1.  D.J.  Bartelink,  J.L.  Moll  and  N.I.  Meyer,  Phys,.  Rev.  130,  972(1963), 

2.  H.  Remy,  Treatise  on  Inorganic  Chemistry,  Elsevier  Publishing  Co. ,  Amsterdam, 
Vol.  1,  p.  790,  1956.  . 


FIRST  EXPERIMENTAL  ARRANGEMENT  FOR 
DI  RECTING  HF  MOLECULES  AT  SILICON  IN  VACUUM 
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The  removal  of  enough  SiOj  to  see  Interference  color  changes  is  a 

rather  severe  requirement  to  Impose.  Since  the  removal  of  only  a  thin  oxide 

layer  is  necessary  on  a  hot  electron  emitter,  it  was  decided  that  an  effect 

on  hot  electron  emission  would  be  a  much  more  sensitive  test.  A  grown  junction, 

with  the  plane  of  the  junction  intersecting  the  surface  was  chosen  for  the  next 

experiment.  This  system  should  provide  a  very  sensitive  test  of  oxide  removal 

since  the  hot  electrons  have  only  an  oxide  to  pass  through  and  therefore 

removal  of  the  oxide  should  enhance  emission. 

The  crystal  with  the  .grown  junction  was  mounted  in  a  tube.  The  tube 

was  pumped  and  baked,  and  a  small  hot  electron  emission  current  was  detected. 

The  crystal  was  then  removed  and  mounted  in  a  tube  similar  to  the  one  shown 

in  Fig.  3.  Aqueous  hydrofluoric  acid  was  contained  in  the  pinched-off  copper  tube 

below  the  valve.  This  section  was  cooled  to  77°K,  the  valve  opened,  and  the 

tube  pumped.  The  valve  was  then  shut  and  the  system  baked  up  the  the  valve. 

There  appeared  to  be  a  slightly  copper  colored  deposit  on  the  walls  of  the  tube. 

The  temperature  of  the  HF  was  raised  from  77°K  to  200°K  and  then  to  room 

temperature  with  the  crystal  at  room  temperature  and  the  valve  opened.  During 

this  period,  a  reverse  bias  was  repeatedly  applied  to  the  junction  in  an  attempt 

-14 

to  detect  hot  electron  emission.  No  hot  electron  emission  greater  than  3x10 
amps  could  be  detected. 

The  temperature  of  the  crystal  was  gradually  raised  with  the  HF  source 

at  room  temperature.  After  heat  treatment  with  a  current  of  150  ma,  an 

-14 

emission  current  of  5x10  amps  was  detected.  Further  heat  treatment  was 
given  to  the  crystal  in  an  attempt  to  maximize  the  emission.  The  effects 
of  the  heat  treatment  are  summarized  as  follows. 


SECOND  EXPERIMENTAL  ARRANGEMENT  FOR 
DIRECTING  HF  MOLECULES  AT  SILICON  IN  VACUUM 


IQ 


Crystal  Treatment ,  Bias  Across  Junction  Hot  Electron  Emission 


In  sealed-off  bulb  with 
no  HF  treatment 

100 

^ 2x10  13 

it  ii  it 

105 

.4x10 "13 

ii  ti  ii 

110 

1 . 5x10  13 

After  150  ma  heat  treatment 

In  presence  of  HF  (T<550°C) 

100 

•5x10  13 

After  heat  treatment  at 

700°C  in  presence  of  HF 

80 

•8xl0"13 

After  heat  treatment  at 

850°C  in  presence  of  HF 

60 

— 

The  last  three  voltages  listed  are  the  maximum  voltages  the  crystal 
could  tolerate  without  thermal  runaway.  It  should  be  noted  that  progressive 
heat  treatment  lowered  this  voltage.  Since  hot  electron  emission  Increases 
very  rapidly  with  voltage  across  the  junction,  it  Is  difficult  to  draw 
meaningful  conclusions  from  hot  electron  emission  data  at  different  bias 
voltages. 

A  new  system  has  been  designed  which  will  contain  independent 
sources  for  HF  gas  and  water  vapor  so  that  the  temperature  and  therefore  vapor 
pressure  of  each  constituent  can  be  controlled  independently.  This  will  allow 
much  lower  rates  of  admission  of  ^0  and  HF  into  the  system  than  was  possible 
in  the  present  arrangement. 

D.  Light  Emission  from  Hot  Electron  Emitters 

In  the  First  Quarterly  Report,  it  was  mentioned  that  spectral  dis¬ 
tribution  measurements  of  the  light  emission  coming  from  the  reverse  biased, 
emitters  would  be  of  interest.  The  interest  lies  in  the  Strong  possibility 
of  determining  from  the  spectral  distribution  the  electron  energy  distribution 
in  the  conduction  band  as  a  function  of  reverse  bias  on  the  emitter  junction. 
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Apparatus  has  been  constructed  and  assembled  to  measure  the  spectral 

distribution.  A  block  diagram  of  the  apparatus  is  given  in  Fig.  4. 

As  a  first  experiment  before  attempting  measurements  on  an  injecting 

3 

contact,  it  was  decided  to  attempt  to  repeat  Chynoweth* s  results  on  a  p-n 
junction  in  order  to  check  out  the  experimental  setup.  To  this  end,  an 
emitter  junction  of  an  ordinary  silicon  transistor  was  used  as  a  light  source. 
When  this  device  was  placed  before  the  monochromator,  the  detection  system 
showed  substantial  signal -to -noise  ratio  indicating  a  spectrum  measurement 
would  be  possible.  A  spectrum  was  measured  in  the  range  of  2.92  ev  to  1.60  ev 
and  is  given  in  Fig.  5.  The  energy,  2.92  ev,  is  close  to  the  high  energy  cut¬ 
off  as  reported  by  Chynoweth.  The  energy,  1.60  ev,  is  in  the  photothreshold 
tail  of  the  photocathode  of  the  RCA7265  photomultiplier  tube  used  to  measure 
this  portion  of.  the  spectrum:.  '  „ 

Fig.  5  consists  of  two  curves.  The  ordinate  scale  represents  photons 
per  unit  energy  in  arbitrary  units.  One  curve  is  corrected  for  the  photo  - 
cathode  response  and  one  is  not.  It  should  be  noted  here  that  the  photo - 
cathode  response  was  measured  at  room  temperature  (300°K)  whereas  the  measure¬ 
ments  were  taken  with  the  photocathode  at  77°K.  This  introduces  a  considerable 

4 

error  in  the  tail  of  the  photoresponse .  and  hence  in  the  correction  to  be 
applied  to  the  data. 

Fig.  6  is  a  comparison  of  Chynoweth's  and  our.  results.  It  can  be  seen 
that  comparison  is  fair  for  the  high  energy  end.  The  poor  comparison  in  the  low 
energy  is  twofold:  Firstly,  as  mentioned  above,  the  photocathode  response 
was  measured  at  300°R  whereas  the  light  emission  measurements  were  made  at  77°K. 
The  correction  to  be  applied  would  most  certainly  raise  the  low  energy  points. 

3.  A.G.  Chynoweth  and  K.G.  McKay,  Phys.  Rev.  102.  369(1956). 

4.  W.E.  Spicer,  J,  Appl.  Phys,  31,  2077(1960). 
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This  correction  would  extend  up  to  2.2  ev.  Secondly,  due  to  the  alloyed 
contact  region  which  covers  most  of  the  emitter,  a  large  percentage  of  the 
light  emitted  comes  from  the  junction  edge  maiking  a  correction  for  self  absorp¬ 
tion  impossible.  About  all  that  can  be  said  about  absorption  corrections  is 
that  in  the  high  energy  region  most  of  the  light  will  come  from  the  edge  since 
it  is  highly  absorbed  elsewhere .  In  the  low  energy  range,  the  total  light 
emitted  will  be  divided  between  that  from  the  edge  and  that  generated  below  , 
the  surface.  The  inferred  result  is  that  the  high  energy  points  will  be  pushed 
up  slightly. 

It  can  be  seen  by  looking  at  Fig.  6  that  if  the  above  mentioned 
corrections  are  applied,  it  is  not  unreasonable  to  expect  our  data  to  agree 
with  that  of  Chynoweth. 

In  the  next  quarter,  the  spectral  response  of  the  light  emission  from 
an  injecting  contact  will  be  measured.  The  spectral  response  of  the  photo¬ 
cathode  will  be  measured  at  operating  temperature.  Also,  there  is  no  problem 
with  edge  emission  since  there  is  no  junction  edge  on  an  injecting  contact 


hot  electron  emitter 
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II.  Negative  Electron  Affinity  Material 

A.  Introduction 

By  depositing  cesium  on  a  wide  band  gap  p-type  semiconductor, 
it  is  possible  to  produce  band  bending  such  that  the  conduction  band  in  the 
bulk  material  lies  at  ah  energy  higher  than  the  vacuum  potential.  In  a 
material  with  a  very  high  acceptor  impurity  concentration,  the  band  bending 
should  occur  within  an  electron  mean  free  path  of  the  surface  so  that  elec¬ 
trons  injected  into  or  excited  in  the  conduction  band  in  the  bulk  can  be 
emitted  into  vacuum.  Such  a  material  might  have  desirable  properties  as  an 
electron  emitter;  in  particular,  high  efficiency  and  low  velocity  spread. 

This  band  bending  effect  can  be  demonstrated  by  means  of  photoemission 
measurements  in  which  electrons  are  excited  in  the  bulk  into  different  con¬ 
duction  band  energy  states. 

B.  Experimental  Measurements 

During  this  quarter,  our  efforts  have  been  directed  toward  demon¬ 
strating  this  effect  in  GaP  heavily  doped  with  zinc?  as  described  in  the 
previous  quarterly  report.  The  sample  consists  of  a  thin  wafer  cut  from  a 
large -grained  polycrystalline  ingot  of  GaP  purchased  from  Merck  and  Co.  The 
GaP  was  treated  at  1200°C  for  two  hours  in  zinc  vapor  to  produce  a  sample 
with  a  resistivity  of  1.1x10  ohm -cm  or  a  calculated  impurity  concentration 

20  o  2  “1  • 1 

of  7.6xlO*u  cm  ■ ,  assuming  a  hole  mobility  of  75  cm  v  sec  .  The  sample 

was  optically  polished  and  etched  in  a  solution  consisting  of: 

60  ml  HN03 

10  ml  HP 

30  ml  H2S04 

10  drops  Bromine 

The  sample  was  mounted  on  tracks  in  the  tube  shown  in  Fig.  7  so  that  it  could 
be  moved  into  several  positions.  In  one  position,  the  sample  is  close  to  and 


TRACK  QUARTZ  WINDOWS  SILVER  CHLORIDE  SEALS 
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FIG 
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In  front  of  a  quartz  window  to  simplify  reflectivity  measurements^  In  the 
second  position,  the  sample  Is  In  front  of  a  quartz  window  In  a  cylindrical 
collector  for  photoemlsslon  measurements.  In  a  third  position,  the  crystal 
can  be  heated  by  conduction  current  and  treated  with  cesium. 

After  evacuating  the  tube,  the  sample  was  heated  to  approximately 
600°C  for  1  hour.  After  cooling,  the  sample  was  treated  with  cesium  until 
peak  photoemlsslon  with  white  light  was  observed. 

The  sample  reflectivity  was  measured  after  cesium  treatment  as  well 

as  before  the  sample  was  mounted  In  the  tube  as  shown  In  Fig.  8.  Also  shown 

are  measurements  on  an  undoped  sample  which  was  optically  polished  and  etched 

as  was  the  .doped  sample.  The  measurements  on  the  undoped  sample  are  In 

excellent  agreement  with  the  highest  reflectivities  reported  In  the  lltera- 
s 

ture  for  GaP. 

The  doped  sample  has  lower  reflectivity  apparently  because  the  etching 
treatment  tended  to  be  much  more  sensitive  to  crystallite  orientation  than  on 
the  undoped  sample.  This  resulted  In  a  structure  on  the  surface  of  some  of 
the  crystallites  thus  reducing  their  reflectivity.  Fig.  9  is  a  photograph 
of  the  sample  showing  the  crystal  grain  structure. 

In  order  to  investigate  whether  the  crystallite  structure  affects 
the  uniformity  of  the  photoemlsslon  of  the  sample,  photoemlsslon  was  measured 
as  the  sample  was  scanned  with  a  point  light.  The  spot  size  on  the  sample  was 
.010"  in  diameter.  The  spectral  output  of  the  source,  a  xenon  crater  arc 
lamp,  Is  not  known.  However,  the  glass  envelope  restricts  the  spectral  output 
to  the  visible  and  near  ultraviolet.  The  sample  was  scanned  along  the  posi¬ 
tions  shown  by  the  horizontal  reference  lines  on  the  inset  in  Fig.  10.  The 
relative  photoemisslve  sensitivity  data  as  a  function  of  position  are  shown 

5.  H.  Ehrenreich ,  H.R .  Philipp,  J.C.  Phillips,  Phys.  Rev.  Ltrs.  8,  59(1962). 
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FIG.  9 

Photograph  of  Grain  Structure  of  GaP-2 
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in  Fig.  10.  The  structure  in  the  photoemission  as  a  function  of  position 
can  be  directly  related  to  the  polycrystalline  structure  of  the  sample  as 
indicated  on  the  inset  in  Fig.  10.  The  variation  in  sensitivity  may  be  the 
result  of  variations  in  the  cesium  treatment  or  in  the  reflectivity  of  the 
surface.  This  effect  can  be  eliminated,  of  course,  with  single  crystal 
samples. 

Measurements  of  the  spectral  response  of  the  photoemissive  yield 

are  shown  in  Fig.  11  on  a  semi -logarithmic  plot.  Fig.  12  shows  the  spectral 

response  plotted  on  a  linear  scale.  Also  shown  are  the  data  corrected  for 

reflectivity  using  the  reflectivity  data  taken  on  this  sample  and  the  highest 

reflectivities  measured  on  an  undoped  sample.  The  spectral  response  measure - 

17  -3 

ments  on  GaP-1,  a  sample  doped  with  1.1x10  cm  impurities,  are  also  shown 
on  Fig.  12. 

Measurements  of  the  velocity  distribution  were  made  using  a  technique 
developed  by  Spicer.®  The  experimental  circuit  is  shown  in  Fig.  13.  The 
method  consists  of  applying  a  slowly  varying  retarding  potential  between 
the  collector  and  the  photocathode.  Superimposed  on  this  voltage  is  a  small 
ac  voltage  (AV  -  .01  volts'at  17  cps).  The  dc  current  in  this  circuit  is 
proportional  to  the  number  of  photoelectrons  with  energy  greater  than  the 
retarding  potential,  V.  The  photoemissive  ac  current  is  proportional  to  the 
number  of  photoelectrons  with  energy  in  the  range  between  V  and  V-tAV,  i.e., 
the  ac  photoemissive  current  is  equal  to  the  differentiated  dc  current.  In 
addition  to  the  photoemissive  ac  current,  there  is  a  capacitive  ac  current 
through  the  tube.  Since  this  signal  is  out  of  phase  with  the  photoemissive 
current,  the  phase -sensitive  detector  can  be  used  to  discriminate  against  it. 

The  output  of  the  phase -sensitive  detector  is  a  measure  of  the  energy 

6.  W.E.  Spicer,  J.  Phys.  Chem.  Solids  22,  364(1961). 
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distribution  of  the  emitted  electrons. 

The  energy  distributions  of  the  emitted  electrons  are  shown  in 
Fig.  14  with  different  photon  energies  incident  on  the  sample.  The  measurements 
at  photon  energies  below  5  ev  were  made  using  radiation  fpom  a  Cary  Model  14 
Spectrophotometer  which  has  a  resolution  of  35  A/mm.  The  data  were  normalized 
at  the  peak  number  of  photoemitted  electrons*  Above  5  ev,  the  radiation  from 
a  Bausch  and  Lomb  Monochromator  with  a  resolution  of  32  A/mm  was  used.  In 
both  cases,  a  slit  width  of  3  mm  was  used.  The  zero  of  kinetic  energy  of 
the  emitted  electrons  cannot  be  obtained  from  measurement  of  the  potential 
applied  to  the  collector  and  the  emitter  because  the  contact  potential  between 
these  elements  is  not  known.  The  zero  of  kinetic  energy  can  be  obtained  by 
extrapolating  the  distribution  curves  to  zero  energy  as  shown  in  Fig.  14.  The 
small  number  of  electrons  observed  with  apparent  kinetic  energy  below  zero  are 
probably  due  to  inhomogeneities  in  the  potential  between  the  cathode  and 
collector  as  a  result  of  patch  effect  on  the  surfaces.  The  assignment  of  the 
zero  kinetic  energy  can  be  checked  from  the  relationship  between  the  photo - 
threshold  E^,  the  maximum  kinetic  energy  observed,  and  the  incident  photon 
energy : 

hv  -  Eth  *  <»)„,  . 

It  is  seen  that  this  relationship  is  approximately  satisfied  at  the  photon 
energies  used  in  these  measurements. 

C.  Interpretation  of  Results 

While  no  detailed  calculations  of  the  band  structure  of  GaP  have 
been  published,  Phillips^  has  proposed  the  model  of  the  band  structure  repro¬ 
duced  .in  Fig:.  15  based  on  experimental  measurements.  The  optical  absorption 
structure  is  dominated  by  the  transitions  at  3.7  ev,  5.3  ev  and  7  ev  as  shown 

7.  J.C.  Phillips,  Phys.  Rev.  133,  A452(1964). 


KINETIC  ENERGY  UV) 

ENERGY  DISTRIBUTION  OF  PHOTOEMITTED  ELECTRONS  FROM  GoP-Cs2 
FOR  DIFFERENT  PHOTON  ENERGIES 


28. 


L  f 


THE  ENERGY  BANDS  OF  GoP  AS  INFERRED 
FROM  UV  INTERBAND  TRANSITIONS 

FROM  J.C.  PHILLIPS 


E  IN  eV 


29 


in  Fig.  16.  The  absorption  data  were  calculated  from  the  published  values  of' 

Q 

the  real  and  imaginary  parts  of  the  dielectric  constant.  In  the  5.3  ev 
transition,  an  electron  is  excited  from  the  valence  band  to  the  conduction 
band  minimum.  In  the  3.7  ev  transition,  an  electron  is  excited  to  a  conduc¬ 
tion  band  state  1.4  ev  above  the  conduction  band  minimum  while  the  final 
state  in  the  7  ev  transition  is  at  an  energy  of  3.3  ev  above  the  conduction 
band  minimum. 

The  band  bending  in  GaP  doped  degenerately  p-type  is  shown  in  Fig.  17. 
The  values  of  the  parameters  have  been  estimated  in  the  previous  report.  It 
should  be  noted  that  this  estimate  is  based  on  a  theoretical  treatment  valid 
only  for  non-degenerate  material  and  the  band  bending  is  probably  sharper 
than  estimated. 

The  value  of  the  electron  affinity,  1.7  ev,  is  obtained  from  the 
threshold  for  photoemission.  It  is  seen  in  Fig.  12  that,  following  the  optical 
absorption,  a  peak  occurs  at  3.7  ev  but  that  a  slight  minimum  occurs  at  5.3  ev. 
The' minimum  at  5.3  ev  may  be  the  result  of  the  high  absorption  constant  at 
this  energy  causing  appreciable  absorption  in  the  region  where  the  band 
bending  occurs.  The  dip  occurs  because  the  electrons  excited  in  that  portion 
of  the  material  where  the  conduction  band  is  below  the  vacuum  level  cannot 
be  emitted.  The  3.7  ev  transition  and  those  transitions  at  energies  above 
5.3  ev  occur  to  states  above  the  vacuum  level  even  in  the  bent  band  region  so 
that  the  excited  electrons  can  be  emitted.  The  rapid  increase  in  photoemission 
with  energy  above  5.3  ev  is  hot  understood.  It  seems  that  it  must  be  explained 
in  terms  of  the  probability  of  escape  of  photoexcited  electrons  being  a  function 
of  the  electron  energy  in  the  conduction  band.  This  conclusion  is  reached 
because  while  the  absorption  constant  is  decreasing,  the  photoemission  is  going 

8.  H.R.  Philipp  and  H.  Ehrenreich,  Phys.  Rev.  129,  1550(1963). 


i up  rapidly.  The  energies  of  the  states  with  respect  to  the  conduction  hand 
minimum  into  which  the  electrons  are  excited  above  5.3  ev  are  going  up, 
although  rather  slowly.  It  is  this  increase  which  it  is  hypothesized  must 
give  rise  to  an  appreciable  increase  in  escape  depth  from  the  sample;  How¬ 
ever,  if  the  negative  electron  affinity  effect  is  strong,  the  escape  depth 
should  be  relatively  independent  of  the  energy  to  which  electrons  are  excited 
since  electrons  which  decay  into  the  bottom  of  the  conduction  band  should 
still  be  capable  of  being  emitted. 

Evidence  in  support  of  the  negative  electron  affinity  effect,  on 
the  other  hand,  can  be  founfLby  comparing  the  spectral  response  of  the  heavily 
doped  sample  (GaP-2)  with  that  of  the  less  heavily  doped  sample  (GaP-1).  It 
can  be  seen  that  a  considerable  increase  in  the  relative  response  at  5.3  ev 
is  observed.  This  indicates  that  electrons  excited  into  the  conduction  band 
minimum  can  indeed  be  emitted.  It  should  be  noted  that  the  probable  reason 
the  yield  of  GaP-1  is  larger  than  that  of  GaP-2  is  that  the  electron  affinity 
of  GaP-1  is  1.4  ev  while  that  of  GaP-2  is  1.7  ev,  apparently  because  of 
differences  in  the  surface  treatment. 

The  energy  distribution  of  the  emitted  electrons  shows  a  peak  in  the 
distribution  at  about  1  ev  for  electrons  excited  with  photons  varying  from 
3.5  ev  to  6.5  ev  although  a  second  peak  appears  at  a  kinetic  energy  of 
approximately  2.3  ev.  This  result  can  be  interpreted  as  being  due  to  elec¬ 
trons  excited  at  these  energies  decaying  into  the  conduction  band  minimum  and 
then  drifting  to  the  surface  and  being  emitted,  i.e.,  these  results  are 
consistent  with  the  negative  electron  affinity  effect.  The  other  structure 
in  the  energy  distribution  Curves  could  be  the  result  of  emission  from  the  bent 
band  region.  These  results  imply  that  the  negative  electron  affinity  effect 
IS  present.  One  difficulty  arises  because  it  would  be  expected  that  this 
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peak  would  occur  at  .6  ev.  This  difficulty  may  disappear  or  be  reduced  when 
the  emptying  of  the  valence  band  due  to  the  degenerate  doping  is  taken  into 
account . 

Energy  distribution  measurements  were  made  on  GaP-1  also.  However, 
apparently  because  of  a  severe  contact  potential  difference  across  the  collector, 
possibly  the  result  of  a  non-uniform  cesium  depostion  on  the  collector,  the 
measurements  are  not  valid.. 

To  summarize  the  conclusions  based  oil  these  measurements  supporting 
the  negative  electron  affinity  model: 

(1)  With  increased  doping,  the  relative  emission  in  the  5.3  ev 
region  (the  bottom  of  the  conduction  band)  is  Increased. 

(2)  The  energy  distribution  of  the  emitted  electrons  for  most 
energies  measured  is  similar,  implying  that  most  electrons 
come  from  the  same  energy  level  (the  bottom  of  the  conduction 
band. 

Difficulties  with  the  negative  electron  affinity  model  are: 

(1)  The  increasing  photoemissive  yield  with  photon  energy  above 
5.3  ev  is  not  explained. 

(2)  The  peak  in  the  energy  distribution  of  the  emitted  electrons 
is  somewhat  too  small. 

It  should  be  noted  that  the  interpretation  of  the  data  is  based  on  a 
band  structure  model  which  has  not  been  fully  developed.  Further  measurements 
on  samples  with  different  dopings  should  yield  information  on  the  GaP  band 
structure  as  well  aa  the  negative  electron  affinity  effect. 
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III .  Conclusions 

(1)  A  method  of  mounting  fragile  silicon  hot  electron  emitters 
with  injecting  contacts  was  developed. 

(2)  Attempts  to  etch  silicon  dioxide  in  vacuum  with  anhydrous  HF 
vapor  indicated  that  HF  does  not  etch  SiOj  appreciably  when 
water  vapor  is  not  present. 

(3)  .  A  slight  increase  in  hot  electron  emission  was  obtained  from  a 

silicon  crystal  with  a  p-n  junction  perpendicular  to  the  surface 
when  wet  HF  vapor  was  directed  at  the  surface  and  the  crystal  was 
heated  to  relatively  low  temperature.  This  indicates  that  the 
surfaces  of  diffused  silicon  hot  electron  emitters  can  be  cleaned 
with  the  HF  vacuum  treatment. 

(41  Preliminary  measurements  of  the  light  emission  from  reverse 
biased  p-n  junctions  indicate  that  the  experimental  apparatus 
is  operating  correctly. 

(5)  Measurements  of  the  photoemissive  spectral  response  and  the 

energy  distribution  of  photoemitted  electrons  from  heavily  doped 
p-type  GaP  indicate  that  the  negative  electron  affinity  effect 
is  present  in  this  material.  However,  several  difficulties  with 
the  interpretation  remain  to  be  resolved. 
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PROGRAM  FOR  NEXT  QUARTER 

(1)  Measure  hot  electron  emission  from  silicon  p-n  junctions  with  an 
Injecting  contact  which  have  been  cleaned  with  HF  and  cesium  treated. 

(2)  Attempt  to  measure  velocity  distribution  of  electrons  emitted  from 
hot  electron  emitters. 

(3)  Measure  spectral  distribution  of  light  emitted  from  reverse  biased  p-n 
junctions  with  injecting  contacts. 

(4)  Measure  photoemissive  properties  of  GaP  with  several  dopings  In  order 
to  verify  the  existence  of  the  negative  electron  affinity  effect. 


Man  -hours  expended  for  the  period  1  November  1963  to  31  January  1964 
Administrative 


G.  A.  Morton  23*1/4  hours 

Members  of  Technical  Staff 


C.  R.  Fuaelier 

389-1/2  hours 

E.  K.  Gatchell 

342  hours 

R.  E.  Simon 

95  hours 

Technicians 

G.  0.  Fowler 

39-3/4  hour 8 

D.  F.  Greene 

129-1/4  hours 

C.  D.  Rowley 

11-3/4  hours 

TOTAL  MAN-HOURS 


1030-1/2 


I  «  N  -H 
I  B  M  CM  00  m 

•  b  b  m  oo  m 

I  ^  •")  P'4  W  -4 

i  u  p  ph  oo 

,  8  *  S  •?  T 

is*  5  %  a 

:^jTu9\UO(UO\ 

»«4i  gcnumom 

I3  2  2?  8?  2? 

I  44  I  4J  «  U  «  U  « 

islasisis 


in? 

s  s :  s 

i  -..III  2'’ 

«  *M<0  u  i 

g-STJ  2  2“ 

ga| 

«  “  «  s  *}  I 


s^sfcKfc 

S  8I33SSSS 


0  V  -M  tfl 
T3  TJ  T3 
3  B  TJ 

3  B  •  H  O 
3  S)  >4  B  « 
3  «H  -MB 

»•  •  44  *4 
W  B  O  Ml 
•o  o  B 

>  »<4  S.« 

u  •  >  *  • 

5  M  6  M 

ito<m  v 

t  44  o  > 
u  «  B 
•4  <4  M  U 
•  H  >4  44 

a  "8  I 

:  gfi  sj: 

•  u  u 

i  44  B  3  TJ 

I  u  «  «  w 
B  B  B  B  44 

5  *5 

4  W  »M  >,  6 

■*  o  o  u 


•  C  41  « 

<080 

Ml  W  O 

b  b  >-  r 
c  u  -o  u  u 

3  C  _  -4 

•  S  * 

S  S  g  3  -S 

*M  >4  *4  44 

.  8  si  s 

U  B  C  O 

T>  *  5  .C  fe 
•H  «  w  Z.  * 
>.0  0  o 

M  £  «44 

0.  Z.  O  T3 

•  3  *m  p  2L 

1  a  °!,° 

u  4  k  u 

w  •  a  u 

&&85S 

t  Sih  N 
h  e«u 
-4  b  m  >o 


I  C  N  «  <«4 

I  -4  -4  "O  44 

I  *-  B  4.  3 

I  C  ^  8  A 

>  a  c  -«  -4 

:  o  -4  u  u 

'flow 


B  H  U  « 

2S  IS  * 

u  B  •  u  * 
a  *-*  u  >m 
a  b  •!  *4 

j:  u  « 

v  w  b  c  - 

C  >  CO 

r^'H4  o 

a.  u  o  j<  w 


4  44  W  B  t4  *  c  b  • 
o  o4i/i  m  b  .c  u 
*o  *o  u  oo  8  *4  « 

SB  "O  B  V  H  J3 

a  «  e  ua  (i  u 

s  9>t4  a  m  o  a  h4 

3  *4  »MBBWa*0;> 

u  «  «  u  <4  a  a 

I  v  v  U8  o  y  cut 

•o  o  y  o  I  o  o  o 

1  *«4  Gbll<H  <4  -H  U 

C  •  >  *  »  e  «  1  a 

a  m  b  u  a  5  •  C  v 

O  <6  U  II  U  -4  5  U 
C  *4  O  >  CO  luu 
04  «  II  «  «  C  O 
•uMati'OiiOXOi 

3  8 Tig  .1.88*3 
SgSi5"fc-8.8-0 

•  S*h  C<h  a  qj 

•  u  u  •  o*m  a  6. 

j  u  II  3  t  D  OOO 
>  u  a  ■  ii  •  0  ■H  t 
l««4UU4IIU 

g»5*i8.&|ai 

^UIW^illMH&liN 

J  O  O  U  M  C  W  44  • 

j  jc  a  u  ■**  at  »  >,  tj 

0  (IC4«<UM4h« 

-•  C  00*9  ti  V4  **4  U  ^4  Z 

U  J2  .  4  B  >>  «  Q 

j  -h  b  -i  a  o  i<  No  a 
Irl  MW  C  OU  h£  « 
5<«4UW0044UB  U 
«J0&  W  U  •  C  B 
3  e  u  O'  &  «  5  a 

II  00  01  5  o  *  «  |4  Vi 

a  a  44  <  -H  C  -4  ow 

|44t  U  3  II  114  B 

u  *4  ■  *1  3  8I4JB3 

i  C  4  8  8  IIU  t  e  4 

j  a  e  *4  <*4  e  >  cob 

:o4iiur4W4Uii 

4  i  i  ouauojiu  o 


•r*  Q.U,  >*  0J 

CO  B  W 

5-4  -  m  -4 

ODOM  P4 

44  >  B  44  fM 

U  O  4  P4 

.  B  P  U  O 


S3  S3 

u  a  v  a  c 


-4  atw  >,  ui 

gO  B  w 

-I  •  -4 

44  B  B  U  CM  00 

U  >  B  II  CM  CO 

O  II  -4  *3  CM  ro 

4  B  Q  |4  O  £ 

I  —4  o*  1  00 

4  Id  -O  44  B  O  1 

4  c  b  z  i  a 

4  B  4»  <  W 

»  >.  O  » 

1  l£8£  WO>U0  i 
<WUB44umu^' 
<M*J9BOBO 
•  B  6  W  '  14  '  I 
i  •  B  44  fl  U8  44«  < 
cftBCBpcnecn 
•  *  B  0  0  0  4  0  4  1 

)sm  iacoaoac 


M  M  1-4 

>  M  M 


5  wn  *4 

4  14  M3  •  -4 

J49V  ■  a 

I  ^4  *-*  a  » 


z  a  b  4  u 

^•8  .3 

4  •  at  ^4 
ac  >  O  fM 
!  •  O  CW 

)  U*4s/ 

4  —4 

)  «  -4  to  tM 

1-4  B  CM 

4  -4  W  00PM 

1? 

t  4J  W  ON 
>  B  M  cn  < 

5°8.  <* 

i  *  B  * 

Ia‘“:a9 

J  ui  >><r  M3 

;  e-stS 

5  8  B  44 

3  <v4  B  a  (4 

6  Ol  a  C  B 

;  or  rn  14 


l  B  B  08 

*009 

I  -  *4  O.  B  < 

»  •  >  •  • 

:  b  k  04  i 

B  U  M4  B 

!  14  O  > 
4J  B  B  1 

-4  -4  m  u  ■ 

•  K  «4  u 

:•  MCI 
>  fl  *  01 

*  C  U  i  W 

I  ow  «<M 


a  B  B  B  44  i 
•4  8  k  u  I 

j* " j 

I  uw  >v  •  1 

4  o  O  U  I 
4  £  B  44 
4  b  C  8  I 
<  C  »4  Ml 
I  O  <  |4  I 

o  4  4  H 

I  »4  a  44  I 

)4  b  »w  I 
;  -r4  U  U  O  ( 

a  8  a  *» 


C  N  •  t4  ' 

4  «4  t  U 

U  E  k  3  ' 

C  —  JC  £! 

3  t  4  4  I 

C*  -*4  U  U 

r  f  y  *4  i 


>  H  r->  U4 

I  B  <0  •  t4 
;*4«*  n  • 

I  -4  -4  3  • 


a  B  -*4  o 

•  B  <-• 

*5  S  SS 

OZMW 

•  H  M  CM 
-4  B  CM 
—4  14  00  <M 
BOBO 

i  -c  444  a.  ' 


I  *  *  4  ° 

I  U]  >*0>  M3 
H  f4  n 

i  C  «  >>(S 

O  44  V4 

:  S  u  b  u 

>  -r*  m  a  o 

:  c/i  a  c  b 

I  O'  B  44 


I  B  B  O  8  I 

•o  O  B  I 

i  *4  &.«« 

I  «  >  B  • 

SMB  M  < 

B  *0  **4  B  i 

:  44  o  >  i 

44  B  B  I 

4  4  4  0  1 

•  8  <*4  44  « 

:  ii  mc  8  : 

>  B  B  O  t 

4  C  M  8  M 

I  O  M4  B  M4 


•48  y  u  l 

:  b  *4  S  -g  < 

i  ii  w  3\  S  I 

»  O  o  M  4 

I  JZ  B  44 

l  B  CS  JC  I 

*  C  00 -M  00  4 

*  O  B  B  -4  a 

O  Ji  -H  H  • 

*  —I  B  *-<  • 

I  H  II  B  W  ( 

:  -r4  M  M  o  c 

M  JO  &  ~ 

I  C  4 

I  MO  O  C 

>  C  N  •■Ml 

I  4  4  T)  U  ; 

»  4i  e  b  a  *■ 

*  C488 

»  a  c  -4  -4  c 

:  o  -4  u  m  1 

I  E  B  Ci  44  C 


Distribution  List 
Contract  DA36-039-AMC-02221(E) 


Address 


No. 


Defense  Documentation  Center 
Attn:  TISIA 
Cameron  Stn.,  Bldg.  5 
Alexandria,  Va.  22314 

Advisory  Group  on  Electron  Devices 
346  Broadway,  8th  Floor 
New  York,  N.  Y.  10013 

OASD  (R&E),  Rm  3E1065 
Attn:  Technical  Library 
The  Pentagon 
Washington,  D.  C.  20301 

Chief  of  Research  and  Development 
OCS,  Department  of  the  Army 
Washington,  D.  C. 

Commander,  U.  S.  Army  Research  Office  (Durham) 
Box  CM-Duke  Station 
Durham,  N.  C. 

Chief,  U.  S.  Army  Security  Agency 
Arlington  Hall  Station 
Arlington  12,  Va. 

Deputy  President 

U.  S.  Army  Security  Agency  Board 
Arlington  Hall  Station 
Arlington  12,  Va. 

Commanding  General 

U.  S.  Army  Combat  Developments  Command 

Attn:  CDCMR-E 

Ft.  Belvoir,  Va.  22060 

Director,  Monmouth  Office 
U.  S.  Army  Combat  Developments  Command 
Communications -Electronics  Agency 
Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer 

U.  S.  Army  Combat  Developments  Command 
Communications-Electronics  Agency 
Ft.  Huachuca,  Arz.  85613 


of  Copies 
20 


3 


1 


1 


1 


2 


1 


1 


1 


1 


m 


-2- 


Address 


No. 


Commanding  Officer 
Engineer  R  &  D  Labs 
ATTN:  Technical  Documents  Center 
Ft.  Belvoir,  Va. 

Commanding  Officer 
U.  S.  Army  Missile  Command 
Attn:  Technical  Library 
Redstone  Arsenal ,  Ala. 

Commanding  Officer 

Harry  Diamond  Laboratories 

Connecticut  Ave.  and  Van  Ness  St.,  N.  W. 

Washington,  D.  C.  20438 

Commanding  General 
U.  S.  Army  Materiel  Command 
Attn:  R&D  Directorate 
Washington,  D.  C.  20315 

Commanding  General 

U.  S.  Army  Electronic  Command 

Attn:  AMSEL-AD 

Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer 

U.  S.  Army  Electronics  Research  &  Development  Laboratories 
Attn:  Director  of  Research 
Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer 

U.  S.  Army  Electronics  R&D  Laboratories 

Attn:  SELRA/ADO-RHA 

Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer  (Record  Copy) 

U.  S.  Army  Electronics  Research  &  Development  Laboratories 

Attn:  SELRA-PRT 

Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer 

U.  S.  Army  Electronics  Research  &  Development  Laboratories 
Attn:  Logistics  Division  (For  SELRA-PRT,  Project  Engineer) 
Ft.  Monmouth,  N.  J.  07703 


of  Copies 
1 

1 

1 

1 

1 

1 

1 

1 

1 


-3- 


Address 


Commanding  Officer 

U.  S.  Army  Electronics  R&D  Laboratories 
Attn:  SELRA-PR  (Contracts) 

-PR  (Tech  Staff) 

-PRG(Mr.  Zinn) 

-PRM(Mr .  Hersh) 

Ft.  Monmouth,  N.  J,  07703 

Commanding  Officer 

U,  S.  Army  Electronics  Research  &  Development  Labs. 
Attn,:  Technical  Documents  Center 
Ft,  Monmouth,  N.  J.  07703 

USAELRDL  Liaison  Office 
Rome  Air  Devel .  Center 
Attn:  RAOL 

Griffiss  AFB,  N.  Y.  13442 
Commanding  Officer 

U.  S.  Army  Electronics  Materiel  Agency 
Attn:  SELMA- R2a 
225  South  18th  Street 
Philadelphia,  Pa.  19103 

Commanding  Officer 

U,  S.  Army  Electronics  Materiel  Support  Agency 

Attn:  SELMS-ADJ 

Ft.  Monmouth,  N.  J.  07703 

Commanding  Officer 

U.  S.  Army  Electronics  Research  Unit 

P.  0.  Box  205 

Mountain  View,  California 

Director,  U.  S.  Naval  Research  Laboratory 
Attn:  Code  2027 
Washington,  D.  C.  20390 

Chief,  Bureau  of  Ships 
Dept .  of  the  Navy 
Attn:  Code  681A-1 
Washington,  D.  C. 

Commanding  Officer  and  Director 
U.  S.  Navy  Electronics  Laboratory 
San  Diego  52,  California 

Marine  Corps  Liaison  Office 

U.  S.  Army  Electronics  Research  &  Development  Labs. 
Ft.  Monmouth,  N.  J.  07703 


No.  of  Copies 


1 

1 

1 

1 

1 


1 


1 


1 


1 


1 


1 


1 


Address 


-4- 

No.  of  Copies 

Commander  1 

Aeronautical  Systems  Division 
Attn:  ASNXRR 

Wright-Patterson  Air  Force  Base,  Ohio  45433 

HQ.  Aeronautical  Systems  Division  1 

Attn:  ASRNE 

Wright-Patterson  Air  Force  Base,  Ohio  45433 

Commander,  Rome  Air  Development  Center  1 

Attn:  RAALD. 

Griffiss  Air  Force  Base,  N.  Y,  13442 

Commander  1 

Air  Force  Cambridge  Research  Laboratories 

Attn:  CRXL-R 

L.  G.  Hans com  Field 

Bedford,  Mass, 

Commander,  Air  Force  Command  and  Control  Development  Div.  1 

Attn:  CRZC 

L.  G.  Hanscom  Field 

Bedford,  Mass. 

HQ.,  Electronic  Systems  Division  1 

Attn:  ESAT 

L.  G.  Hanscom  Field 

Bedford,,  Mass. 

AFSC  Scientific/Technical  Liaison  Office  1 

USAELRDL 

Ft.  Monmouth,  N.  J.  07703 

AFSC  Scientific/Technical  Liaison  Office  1 

U.  S.  Naval  Air  Development  Center 
Johnsville,  Pa,  18974 

National  Aeronautics  &  Space  Adm.  1 

Ames  Research  Center 

Moffett  Field,  California  94035 

Attn;  Chief,  Adm.  Services  Div. 

U.  S.  National  Bureau  of  Standards  1 

Washington,  D,  C.  20234 
Attn:  Dr.  Glenn  F.  Rouse 

CO,  U.  S.  Army  Engineer  R&D  Labs  1 

Warfare  Vision  Branch 
Ft.  Belvoir,  Va.  22060 
Attn:  Mr.  E,  A*  Meredith 


f 


-5- 


Addresa  So. 


CO,  USAELRDL 

Fort  Monmouth,  N.  J.  07703 
Attn:  SELRA/PF  (Dr.  H.  Jacobs) 

Commander,  AF  Cambridge  Research  Lab. 

Attn:  CRRCPV  (J.  Bloom) 

L.  G.  Han 8 com  Field 
Bedford,  Mass. 

Commander,  Rome  Air  Development  Div. 

Attn:  W.  Quinn 

Grifflaa  AFB,  Rome,  N.  Y.  13442 

Battelle  Memorial  Institute 
505  King  Ave. 

Columbus,  Ohio  43201 
Attn:  Dr.  G.  Gaines 

University  of  California 
Lawrence  Radiation  Lab. 

P.  0.  Box  808,  Livermore,  California 
Attn:  Clovis  G.  Craig 

Eitel  McCullough,  Inc. 

301  Industrial  Way 

San  Carlos,  California  Attn:  Research  Library 

General  Electric  Co.,  Power  Tubes  Division 
Schenectady,  N.  Y. 

Attn:  V.  J.  DeSantis 

General  Electric  Research  Lab. 

Schenectady,  N.  Y. 

Attn:  Dr.  Ralph  Bondley 

General  Electric  Co. 

Owensboro,  Ky. 

Attn:  Mr.  A.  P.  Haase 

General  Electric  Co.,  Microwave  Lab. 

601  California  Ave.,  Palo  Alto,  California 
Attn:  Technical  Library 

General  Telephone  &  Electronics  Inc. 

Bayside,  N.  Y. 

Attn:  Dr.  T.  Polanyi 

ITT  Industrial  Labs,,  Storage  Tube  Devel . 

3700  East  Pontiac  St.,  Ft.  Wayne,  Ind. 

Attn:  Michael  F.  Toohig 

Linfield  Research  Inst. 

McMinnville,  Ore.  97128 

Attn:  Dr,  W.  P.  Dyke 


of  Copies 
1 

1 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


-6- 


Address 


Massachusetts  Inst,  of  Technology 
Cambridge,  Mass. 

Attn:  Prof.  W.  B.  Nottingham 

University  of  Minnesota  .  , 

Minneapolis  14,  Minn. 

Attn:.  Prof,  W.  G.  Shepherd 

University  of  Missouri 
Columbia,  Mo, 

Attn:.  Dr.  E,  P,  Hensley 

Nuclear  Corp.  of  America 
Denville,  N.  J.  07834 
Attn:  Dr.  N.  Sclar 

Philco  Corp.  C  &.  Tioga  Streets 
Philadelphia,  Pa. 

Attn:.  Dr.  P.  H.  Cholet 

Raytheon  Co.,  Spenser  Lab, 

Burlington,  Mass. 

Attn:.  Mr.  S.  R.  Steele 

Sandia  Corp.,  Sandfa  Base 
Albuquerque,  New  Mexico 
Attn:  Librarian 

Sperry  Gyroscope  Co. 

Great  Neck,  N.  Y,,  11020 

Attn:  Mr.  T.  Sege,  1B40 

Stanford  Research  Inst. 

Menlo  Park,  California 
Attn:  Mr.  D.  Geppert 

Stanford  Research  Inst.,  Applied  Physics  Group 
Menlo  Park,  California 
Attn:  Dr.  C.  A.  Rosen 

Stanford  University,  Stanford  Electronics  Labs 
Stanford,  California 
Attn:  Dr.  John  Moll 

Sylvania  Electric.  Products,  Inc  . 

Emporium,  Pa.  15834 
Attn:  Dr.  R.  A.  Palmateer 

MIT  Lincoln  Lab.,  Lexington  73,  Massachusetts 
Attn:  M.  A.  Granese,  Documents  Librarian 


No.  of  Copies 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


Address 


-7 


No,  of  Copies 
1 


Sylvania  Electric  Products,  Inc.  Components  Lab. 

Mountain  View,  California 
Attn:  Mr.  Leon  Lerman 

Texas  Instruments,  Inc.  1 

13500  N.  Central  Expy. 

P.  0.  Box  5012,  Dallas,  Texas 
Attn:  Patricia  L.  Brown 

TRG,  Inc . /  1 

2  Aerial  Way 
Syosset,  N.  Y.  11791 
Attn:  Mr.  J.  D.  Maiman 

Tung-Sol  Electric,  Inc.  1 

200  Bloomfield  Ave. 

Bloomfield,  N.  J. 

Attn:  Dr.  A.  M.  Skellett 


This  contract  is  supervised  by  the  Techniques  Branch,  Electron 
Tubes  Division,  ECD,  USAELRDL,  Ft.  Monmouth,  N.  J.  For  further  technical 
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